The changes experienced in rural areasödepopulation, loss of agricultural land, or appearance of new activitiesörequire support tools for the decisionmaking process in terms of connecting activities and territories. The making of decisions about the use of land is more urgent in modern societies, in which increasing population pressure and a mixed economy involve greater competition between uses (Verheye, 1997). Van Lier (1998) emphasized the role of land-use planning in the development of sustainable rural systems. Facing these demands, we found that there are neither methods systematically applied nor a classification of the different types of techniques used for the design of a land-use plan.
Definition of a land-use planning model
In A Framework for Land Evaluation (FAO, 1976) , ten points were listed as the main phases in the land-use planning process. Here only two phases have been considered for defining a land-use planning model: land evaluation, in which the suitability of the land for the uses considered is evaluated, and land-use allocation, from which the optimum allocation of uses to the land units is decided according to the results of the previous phase. Land evaluation includes the third, fourth, and fifth phases of the planning process described by FAO (1976) , and the sixth phase of this framework corresponds to land-use allocation.
In many cases, there is overlapping and/or dependence between both phases, because the methods used integrate to a certain degree both phases. Likewise, the methods for selecting the most suitable site for an activity, included in the second phase in this work, can also be considered as land-suitability evaluation methods. A methodology that integrates both steps is the method designed within the SIRTPLAN project (FAO, 2000) .
Land evaluation
Land evaluation consists of determining whether the land achieves the requirements of each type of use or activity. Since 1950, land evaluation has evolved towards more specific and quantified assessments, with the increasing use of nonsoil factors (Van Diepen et al, 1991) . However, models such as the land capability classification system (Klingebiel and Montgomery, 1961) or the United States Bureau of Reclamation (USBR) land classification for irrigated land use, designed more than forty years ago, are still widely applied. In the 1930s, mathematical models, known as parametric indices, began to be applied to determine soil production capacity. Amongst these indices, the Storie index stands out (Storie, 1933) . Other indices are described in Boixadera and Porta (1991) and Pierce et al (1983) .
Owing to the diversity of the existing land-evaluation systems, in 1976 the Food and Agriculture Organization (FAO) published A Framework for Land Evaluation, which allowed standardization of methodology and terminology. The central process of this framework is to compare the land qualities in each unit with the requirements of each land-use type, by using different procedures described in later publications (FAO, 1983; 1985a; 1985b; . The comparison procedure that has traditionally been used is the Boolean method, in which the suitability class of the area is defined by the lessfavoured land quality. This approach involves an abrupt division of the area into suitability classes, which in turn involves a great loss of information (Burrough et al, 1992) . Hall et al (1992) propose a fuzzy-logic method, according to which an area is characterized by its membership grade to each suitability class, so that the loss of information is reduced and a greater discrimination between areas is achieved. Other applications of fuzzy logic to the combination of land qualities into FAO framework suitability classes have been carried out by Tang et al (1991) and Van Ranst et al (1996) . Triantafilis et al (2001) have incorporated into the FAO framework a semiquantitative system to obtain continuous land-suitability maps. Likewise, the FAO framework has served as the basis for computer applications such as the automated land evaluation system, ALES (Rossiter, 1990 ), or MicroLEIS (De la Rosa et al, 1992 .
The first land-evaluation methods, previous to the FAO framework, focused on the edaphic component of land evaluation. Afterwards, an economic approach was added. For example, the soil potential ratings (McCormack, 1986) consider the costs that result from corrective measures and continuing limitations. Nowadays, landevaluation methods must consider new uses (that is, environmental, recreational) and factors (such as, urban pressure) that require the evaluation of natural, economic, and social resources. These needs were contemplated during the development of the FAO framework and more recent land-evaluation systems such as the land-evaluation and site assessment (LESA) (Wright et al, 1983) . In 1994 a total of 209 local governments in the United States had applied this system (Coughlin et al, 1994) , which provides consistent and reliable results as long as the site assessment factors are carefully defined, and standard measurements are established (Van Horn et al, 1989) . Other post-FAO systems are the fertility capability classification (Sa¨nchez et al, 2003) , which groups soils according to the problems they pose for agricultural management, and the agro-ecological zoning (AEZ) (FAO, 1997) , which follows the FAO framework.
Currently, the increasing development of dynamic simulation models of agricultural systems (De Wit and Van Keulen, 1987; Dumanski and Onofrei, 1989; Jones et al, 2003; Sto« ckle et al, 2003) responds to the need for more quantified and precise cropyield predictions, at the expense of requesting more information. Other recent research works are based on the use of fuzzy-set methodology in GIS for land-suitability assessment (Baja et al, 2002; Burrough, 1989; Davidson et al, 1994) by classifying the soil properties into continuous values through fuzzy-membership functions. Other techniques used for this purpose are the expert systems (Diamond and Wright, 1988; Yialouris et al, 1997) , and artificial neuronal networks (Wang, 1994) . Rossiter (1996) suggested a theoretical framework for classifying the land-evaluation systems; this framework can be considered a first step in the development of a general land-evaluation theory (Gruijter, 1996) . Despite this first classification, landevaluation models can be grouped in capability and suitability systems (McRae and Burnham, 1981) , or in qualitative and quantitative evaluations (Dent and Young, 1981) , and are usually presented in a historical perspective (Van Diepen et al, 1991) , as in table 1 (over).
The main distinguishing characteristics of the different methods, which determine whether they are applicable or not to a particular planning situation, can be summarized as follows: (1) Purpose and land uses considered:`capability systems' evaluate a global land use, frequently a general agricultural land use, and`suitability systems' refer to specific uses. (2) Information required: the crop-simulation models require detailed data about the crop and the natural environment. The land capability classification, the parametric indices, and the fuzzy-based systems are also based on accurate information that concerns only the soil characteristics. In other methods, such as the USBR land suitability system or the soil potential ratings, the data needed are basically economic. In the most flexible systems, such as the FAO framework, AEZ or LESA, the amount, type, and accuracy of the information depend on each specific application. Despite the fact that land-use planning is``as much a social and political issue as it is a physical and economic one'' (Jacobs, 2000, page 177) , only the FAO framework and LESA consider socioeconomic factors. (3) Procedure: in a quantitative evaluation, results are expressed as quantified estimates, whereas, in a qualitative evaluation, qualifying adjectives are used for the variables considered. The pre-FAO land-evaluation methods, based on qualitative judgment, gave rise to more quantitative techniques in subsequent years. (4) Results: land suitability classification into discrete groups involves a considerable loss of information. The fuzzy approach, among others, overcomes this limitation by providing results in a continuous scale. These continuous suitability maps can serve as input information for land-use spatial allocation methods.
5 Land-use allocation Van Diepen et al (1991, page 191) described land-use planning as``the allocation of land to various categories of use according to criteria formulated during the land evaluation process.'' The land-use planning models that have been reviewed in this paper constitute decision support systems (DSSs). These DSSs are usually integrated, to a greater or lesser extent, into a GIS, and use an expert system or a mathematical model as a decision support tool. The link between GIS and the decisionmaking tool can be of three types (Jun, 2000) : (a) loose coupling, (b) tight coupling, or (c) full integration. Jankowski (1995) and Malczewski (1999) simplified this classification into two categories by unifying (b) and (c). A good example of a DSS formed by a GIS and a land-use planning system can be found in Sharifi and Van Keulen (1994) .
Expert systems
Many expert systems have been developed for dealing with spatial problems such as resource management, regional planning (Teso, 1997) , land-suitability analysis (Diamond and Wright, 1988) , or land-use allocation. Yialouris et al (1997) described the development of a geographical information expert, which evaluates the suitability for several crops, and selects the optimum crop for each land unit. ILUDSS was designed by Zhu et al (1996) to allow planners to design a specific model, evaluate it, and obtain a suitability map for each land use. Another common application of this type of systems is the selec tion of the best location for diverse facilities (location-allocation problems) (see Jun, 2000) .
Mathematical models
The mathematical models most commonly applied in land-use allocation systems correspond to multicriteria evaluation techniques, mathematical programming applications, or spatial simulation models.
Multicriteria evaluation
Multicriteria evaluation is applicable to the different processes involved in land planning, such as renewable resource management (Munda et al, 1998) , landscape protection (Marangon and Tempesta, 1998) , evaluation of land-consolidation processes (Janssen and Rietveld, 1985) , or land-use allocation. Voogd (1983) presents different applications of multicriteria evaluation to regional planning. The same techniques have been used by Jankowski (1989) to evaluate alternative land-use management plans. In these works, the number of spatial units evaluated is limited. However, land planning requires special attention to the spatial component of data at the same time, which involves the analysis of multiple objectives and criteria. The combined application of multicriteria evaluation techniques and GIS is frequently directed towards obtaining land-suitability maps or selecting sites for a specific activity. The IDRISI software provides multicriteria evaluation tools for obtaining suitability maps (Eastman, 1995) . Multicriteria evaluation techniques based on the ideal point analysis are the techniques that have been more frequently integrated into a GIS with this aim. Compromise programming was applied to habitat-quality evaluation by Pereira and Duckstein (1993) . Vatalis and Manoliadis (2002) used a variation of this technique, in which a second weighting level was introduced. Among this type of technique is TOPSIS, which has been implemented in GIS by Malczewski (1996) . In Carver (1991) , concordance^discordance analysis and hierarchical optimization, in addition to ideal point analysis, were modified to evaluate a high number of alternatives in a GIS environment. Implementation of the concordance analysis in GIS was subsequently developed by Jankowski and Richard (1994) . Another multicriteria evaluation method frequently integrated into GIS to perform land-suitability analyses is the analytic hierarchy process (AHP) (Banai, 1993; Eastman, 1995; Jun, 2000) . The AHP can also be used to generate the weights assigned to the land-suitability criteria (Weerakon, 2002) or to the suitability maps in order to calculate a`compound' suitability score (Mendoza, 1997) .
These suitability maps can be sufficient in some situations, for example, for the identification of viable regions for a particular land use through the parameterized region-growing program (Brookes, 1997) . However, these maps do not provide a comprehensive land-use plan. Multicriteria evaluation techniques have also been applied to generate multiple land-use scenarios by selecting the optimum use for each land unit. One technique amongst them, hierarchical optimization (Barredo, 1996; Carver, 1991) , involves allocating the maximum area to the highest priority land use, excluding it from the remaining uses, and repeating the process until the total area is allocated. When the hierarchy of the objectives is not known, a compromise solution can be determined by using the ideal-point method to assign to each spatial unit the land use for which its suitability is the highest, thereby minimizing the suitability of the remaining uses (Barredo, 1996) . Eastman et al (1995) proposed a heuristic procedure, based on the ideal-point concept, implemented in the MOLA (multiple objective land allocation) module of IDRISI. Examples of the application of this technique to multiple land-use allocation are provided in Barredo (1996) , Eastman et al (1998) , and Van der Merwe (1997).
Mathematical programming
Mathematical programming, when applied to land-use planning, seeks the combination of land uses that optimizes one or more objective functions subject to a series of constraints. The objective of the model developed by Chuvieco (1993) was the minimization of rural unemployment, formulated as the maximization of the areas with the most labor-intensive land uses. Another example is the combined application of GIS and linear programming to the strategic planning of agricultural uses, which was carried out by Campbell et al (1992) . In contrast with these two models, the methods described below consider more than one objective function. Giupponi and Rosato (1998) developed a model in which goal programming was used to reach a compromise between the maximization of the gross margin and the minimization of the expected risk for a land-use plan. Another goal-programming model is described in Oliveira et al (2003) and concerns the planning of several forest land uses.
Land-use planning often requires interactive programming with an exchange of information between the decisionmaker and the system (Malczewski and Ogryczak, 1995) . Interactive multiple-goal linear programming (IMGLP) has been applied to landuse planning (Ive and Cocks, 1983) , to the analysis of agricultural development policies (De Wit et al, 1988) , and has even been implemented in a software application (GOAL-QUASI) intended to explore future land-use options (Ittersum, 1995) . Suhaedi et al (2002) integrated the IMGLP and the AHP into a GIS in order to establish land-use scenarios based on four objectives: the maximization of food production, employment, and income, and the minimization of soil erosion. A similar technique, known as ARBDS, was developed by Fischer and Makowski (1996) and implemented in a decision support tool called AEZWIN (AEZ for Windows) (Fischer et al, 1998) . Another interactive process has been developed by Lu et al (2004) to evaluate different land-use strategies.
The integer linear-programming models allow their results to be translated into a map of optimum land-use allocation. Aerts et al (2003) used them to minimize the development cost of a land-use plan and to maximize the compactness of areas with the same use, and Diamond and Wright (1988; used them to locate facilities.
Some interesting examples of land-use planning models based on the combination of multicriteria evaluation techniques and mathematical programming can be found in Janssen and Rietveld (1990) , and Ridgley and Heil (1998).
Spatial simulation models
Spatial simulation models can apply different types of algorithms to land-use allocation. Matthews (2001) proposed two genetic algorithms for land-use optimization that were incorporated into the land allocation decision support system, LADSS (Matthews et al, 1999) . However, most of the applications of these algorithms to regional planning have been developed in the field of location-allocation models (see Jaramillo et al, 2002; Xiao et al, 2002) . Aerts and Heuvelink (2002) used an optimization procedure based on simulated annealing to solve a land-use planning model, in which an equivalence between the energy function and the development costs of the land-use plan was established. Similarly, Alier et al (1996) and Mart et al (1998) used a variation of simulated annealing to optimize land-use allocation, in which the energy function for a land use was characterized by the carrying capacity, the environmental impact, and the cost of changing land use.
Other simulation models use the concept of cellular automata (CA). Engelen et al (1999) integrated a GIS and a CA in order to evaluate different land-use scenarios.
The development of simulation models based on CA is more common in urban planning (see Barredo et al, 2004; Li and Yeh, 2002; Wu and Webster, 1998) . However, these models view the city as a set of land uses (Wu, 1998) and can be extrapolated to rural land-use planning. When the human factor is included in the spatial decisionmaking process, the agent-based models (ABM) stand out (Parker et al, 2003) . ABM simulate land-use scenarios on the basis of modeling individual and group decisionmaking and human^environment interactions. These models can use any of the aforementioned landuse-allocation procedures as decisionmaking methods by individual agents, such as CA (Ligtenberg et al, 2001 ) and mathematical programming (Berger, 2002) , or others, such as utility maximization (Evans and Kelley, 2004) or belief^desire^intention architecture (Ligtenberg et al, 2004) .
Analysis of land-use-allocation models
The most significant characteristics of the land-use-allocation models selected as the most representative are summarized in table 2 (over) and are explained below: (1) Aim and results: the first application of multicriteria evaluation to regional planning were not implemented in GIS, and attempted to rank the different alternatives (regions, planning policies, etc). The integration of multicriteria evaluation techniques into GIS allowed the conversion of these rankings into land-use-allocation maps. The techniques used for this purpose vary depending on the planning aim: either defining the most suitable areas for one single land use (sectorial plan), or allocating optimally multiple land uses (comprehensive plan). Whereas the purpose of TOPSIS of compromise programming, or of the techniques implemented by Carver (1991) came into the first category, the ideal-point analysis (Barredo, 1996) and MOLA were designed to select the optimum land-use for each spatial unit. This spatial allocation of multiple land uses can be achieved also through integer-programming models (Aerts et al, 2003) , in which the variables take a value equal to 1 or 0, depending on whether the spatial units are allocated to a particular land use or not. However, most mathematical programming models provide only the optimum area for each land use without information on the spatial distribution of the results. In the case of the spatial simulation models studied, the result is always a land-use map. (2) Information required: multicriteria evaluation techniques demand information about the suitability evaluation criteria or the suitability score for a specific activity. When these techniques are implemented in GIS, this information is required either as evaluation-criteria maps or as suitability maps. Mathematical programming models require very diverse alphanumeric information, depending on their specific formulation. The data usually required are: yields, production and resource utilization coefficients, costs, profits, etc. Spatial simulation models may use evaluation-factor maps as input information, or, directly, suitability maps for each land use. Spatial simulation models and some multicriteria evaluation techniques need, in addition, the area destined to each land use as external data. (3) Integration with GIS: among the multicriteria evaluation techniques, it is of use to distinguish the techniques that do not use GIS, the techniques in which the function of GIS is restricted to storing information and/or displaying results, and, lastly, the techniques fully integrated in GIS. Among the latter are TOPSIS, analysis of concordance^discordance, hierarchical optimization, compromise programming, MOLA, or ideal-point analysis. The application of complex techniques based on pairwise comparisons in a raster GIS, in which each cell represents one choice alternative, is limited by the computer processing time, so that performance depends to a great extent on the size of the evaluation matrix, and, therefore, on the expanse of the application area. However, this limitation can be overcome by grouping the study 
area into homogeneous areasöfor example, by the homogeneity index used by Joerin et al (2001) . In most mathematical programming models, integration with GIS usually takes place in two phases: the acquisition of data from the GIS to feed the model, and the use of GIS to map the results. In the case of integer-programming models, the results correspond to land-use-allocation maps, which are usually represented in a GIS environment. The spatial simulation models described in the above section of this paper present a tight integration between GIS and the land-use-allocation model. (4) Group decisionmaking: stakeholders need tools that show the impact of design options through scenario analysis (Snyder, 2003) . All the methods reviewed can generate these land-use scenarios, but the interaction of the users with the system is active or proactive in only some of them (Leitner et al, 2002) . Public participation in the decisionmaking process can be achieved in different ways: through interactive techniques (see De Wit et al, 1988) that facilitate consensus building between groups with conflicting objectives, by means of varying the parameters of the model to explore the consequences of the choices of the interested parties (that is, LADSS), or by incorporating the different stakeholders into the model (that is, ABM).
Discussion
In this paper two phases in a land-use planning process have been identified; land evaluation and land-use allocation. The characteristics of the methods used at each stage have been analyzed, allowing the strengths and weaknesses of each to be examined. In land evaluation, the simplicity of the pre-FAO methods has meant that they are easily and broadly applied in real planning situations. Their weak points are the lack of consideration of socioeconomic factors and their applicability to a single global use. In addition, the land capability classification does not provide a quantified result and the parametric indices, despite offering a numerical result, are only apparently quantitative (Van Diepen et al, 1991) . The FAO framework has become the main point of reference for land evaluation. It is a flexible system which includes social and economic issues and permits the application of different techniques in order to match land use and units. For this reason, it demands complete development to be applied to a concrete situation and also the integration of other techniques, if quantitative results are desired. Amongst the post-FAO methods, LESA is one of those used, mainly in the United States, and there are even GIS modules which facilitate its application. Furthermore, it considers socioeconomic criteria and provides a numerical result. Its main drawback is that it is restricted to general agriculture use. The AEZ improves on the FAO framework in that it offers a more quantitative result, but is limited by not including the socioeconomic evaluation and by focusing on agricultural crops. The crop-simulation models provide precise and quantified results but their weakness lies in the difficulty of adopting existing models to the information available and to the geographic range of each land-use plan. The main drawback of those studies reviewed that are based on fuzzy set theory is that the evaluation is limited to soil factors, whereas the benefit is that they result in continuous suitability maps. The expert systems and neural networks can be designed to facilitate any type of output (discrete or continuous suitability classes) for any land use and on the basis of available information. However, there is still little experience of the application of these systems for land evaluation in comparison with the other methods mentioned.
Multicriteria evaluation was one of the first techniques used for land-use allocation. These techniques are useful for structuring the problem, above all when the number of factors is high. Furthermore, they permit the sensitivity analysis of various parameters and, in some cases, allow multiple stakeholders to be considered. The complexity of certain mathematical operations count amongst their disadvantages (Voogd, 1983) along with the limitation of the results, which are reduced to a ranking of a low number of spatial units evaluated. The integration of these techniques in GIS, which are within the scope of any GIS user, permit an increase in the number of spatial units evaluated. Another explicit and efficient technique for land-use allocation is mathematical programming, which also offers the possibility to carry out sensitivity analysis. However, mathematical programming models assume a linear relationship between the variables which may not be real, and the algorithm is specific for each particular situation in that it must be revised every time the application conditions vary. These models indicate how much land to assign to each use but not where to assign it, except in integerprogramming models, which find the optimum global spatial land-use allocation but fail when the number of units increase because they require much computing time. Spatial simulation models based on heuristic algorithms are used for the resolution of largescale problems, but do not provide optimal solutions but, rather, near optimal solutions. Amongst these algorithms, simulated annealing is that which finds the best solutions (Boyland et al, 2004; Nalle et al, 2002) but it is slower than, for example, genetic algorithms. Other advantages of genetic algorithms are their capacity to yield multiple solutions and their applicability in parallel hardware. CA and ABM are used to simulate and understand land-use evolution rather than to find an optimum solution. CA have proven useful in modeling the ecological aspects of land-use change (Parker et al, 2003) , and ABM represent the impact of human decisionmaking on land use. Once developed, the majority of the spatial simulation models are easily adaptable to different contexts and can be used by nonexperts. In contrast, the expert systems are designed for a specific area and specific conditions, meaning that their application in a different situation requires a complex process of development and adaptation.
Computer programs have been developed to make land-use planning processes easier. Within the context of land evaluation the most frequently used software has been ALES. Land-use allocation can be based on very diverse methodologies, for which different computer programs have been developed (LADSS, AEZWIN, GOAL-QUASI, etc). These programs are usually intended to solve or facilitate a specific phase in the planning process, although there are planning support systems (PSS) such as WhatIf (Klosterman, 1999; and Community Viz (www.communityviz.com) which include a greater number of phases. The description of these and other PSS, such as SLEUTH, INDEX, SMARTPLACES, etc, can be found in Snyder (2003) and USEPA (2002) . These systems can use one or several of the aforementioned land-use planning techniques as their operational methods. However, the majority of them, despite considering nonurban uses, are designed for urban planning.
Conclusions
When it comes to assessing and comparing different land-evaluation systems, it is essential to consider the purpose for which they are going to be used, and the results that are expected from them. The choice of the land-evaluation method depends, to a large extent, on the specific land uses considered in the planning process. When the objective is to design a model for all the land uses present in the rural environment (agriculture, woodlands, recreation, etc) , it is necessary to apply a land-evaluation method in which the land uses are very specific and are defined with great accuracy. This condition excludes the capability systems. In addition, in the framework of land-use planning, land evaluation should not be confined to assessing the physical characteristics, but should consist of the analysis of physical suitability, economic viability, social consequences, and environmental impact produced. To this end, the FAO framework provides a flexible system in which the different assessments can be integrated, but obtains a result that is barely quantified and cannot be used by most land-use-allocation techniques as input information. This limitation is overcome in evaluations based on fuzzy methodology; however, the application of this theory requires accurate information about soil and crop properties, which are the only evaluation factors considered. The same drawback is met in the case of dynamic simulation models. Owing to the fact that such detailed information is usually not available and that socioeconomic factors are nowadays the main determinants of land suitability, the FAO framework stands as one of the most adequate evaluation methods. However, to enable this method to provide continuous land-suitability maps, it is necessary to use a matching procedure based on fuzzy logic, or on a continuous suitability function.
The objectives of the land-use plan condition the choice of the land-use-allocation method. The selection of multicriteria evaluation or linear-programming techniques is based on the type of results sought. Mathematical programming generally provides the optimum area for each land use, but does not indicate the location of the area within the evaluated unit. The multicriteria evaluation techniques integrated in GIS allow the mapping of the optimum land uses, and require the introduction of the area desired for each use as input data. Therefore, both techniques could be applied complimentarily, with the results of one mathematical programming model used as input variables of a multicriteria evaluation, as in Ridgley and Heil (1998) . The application of integer-programming models is restricted to small areas.
The use of expert systems is determined by the availability of time and experts in these systems, as they must be designed or adapted for each situation. This is more complicated when there is no previous experience of this type of model in the application region. Simulation models are applicable to diverse situations, but there are still very few commercially available.
The shortage of PSS focused on rural land and the restriction of much planning software to a specific phase of the process means that the design of a rural land-use planning model involves the integration of different computer tools or the development of customized software that includes all planning phases.
